Metal-flavonolate compounds are of significant current interest as synthetic models for quercetinase enzymes and as bioactive compounds of importance to human health. Zinc-3-hydroxyflavonolate compounds, including those of quercetin, kampferol, and morin, generally exhibit bidentate coordination to a single Zn II center. The bipyridine-ligated zinc-flavonolate compound reported Symmetry code: (i) Àx þ 1; Ày þ 1; Àz þ 1.
manner to a single metal center [see (A) in Scheme 1]. Recently, we reported the first example of bridging flavonolate ligation in a dinuclear zinc complex using an extended flavonol ligand (Popova et al., 2017) . In this contribution, we report the synthesis and characterization of a zinc-3-hydroxyflavonolate (3-Hfl) complex having the empirical formula [(bpy)Zn(3-Hfl)]ClO 4 (bpy is 2,2 0 -bipyridine), (1) (Scheme 2). In the solid state, this complex contains symmetry-related -2 : 1 -3-hydroxyflavonolate ligands bridging between Zn II centers. When dissolved in acetonitrile, the cationic portion of this complex dissociates into mononuclear units, which undergo visiblelight-induced CO release reactivity. The observed quantum yield for this reaction is similar to that found for [(TPA)Zn(3-Hfl)]ClO 4 [TPA is tris(pyridin-2-yl)methylamine] (Anderson et al., 2014) .
Experimental

General procedure
All experiments were performed in air. All reagents were obtained and used from commercial sources unless otherwise noted. 1 H NMR spectra were recorded on a JEOL ECX-300 MHz NMR spectrometer. 1 H NMR chemical shifts are reported in ppm () relative to the chemical shift of the residual solvent (d 6 -DMSO: 2.50 ppm; CD 3 CN: 1.94 ppm). FT-IR spectra were collected using a Shimadzu FTIR-8400 spectrometer as KBr pellets. UV-Vis absorption spectra were collected using a HP8453 diode array spectrophotometer. Fluorescence emission spectra were collected using a Shimadzu RF-530XPC spectrometer, with the excitation wavelength corresponding to the absorption maximum of the complex. The excitation and emission slit widths were set at 3 nm. Conductance measurements were performed as described previously (Allred et al., 2002) . The 1:2 electrolyte standard [(6-Ph 2 TPA)Ni(CH 3 CN) 2 ](ClO 4 ) 2 (Szajna et al., 2004) was prepared according to literature procedures. CO quantification measurements were performed under air as described previously (Grubel et al., 2013) . The reaction quantum yield for CO release from (1) was determined using ferrioxalate as a standard to measure photon flux (Hatchard & Parker, 1956; Kuhn et al., 2004) . Mass spectrometry data were collected at the University of California Riverside. Elemental analysis data were obtained by Atlantic Microlabs of Norcross, GA, using a PE2400 automatic analyzer.
Caution! Perchlorate salts of metal complexes containing organic ligands are potentially explosive. Only small amounts of material should be prepared ($50 mg) and these should be handled with great caution (Wolsey, 1973) .
Synthesis and crystallization of [(bpy)Zn(3-Hfl)]ClO 4 , (1)
To a solution of 3-hydroxyflavone (50 mg, 0.21 mmol) in CH 3 OH (3 ml) in a glass vial was added solid Me 4 NOHÁ5H 2 O (38 mg, 0.21 mmol). The resulting mixture was stirred for 10 min at room temperature. In a separate reaction vessel, 2,2 0 -bipyridine (33 mg, 0.21 mmol) was combined with Zn-(ClO 4 ) 2 Á6H 2 O (78 mg, 0.21 mmol) in CH 3 OH (3 ml) and was stirred for 10 min. The two solutions were combined and the resulting solution stirred for an additional 1 h. The solvent was removed under reduced pressure and the remaining solid dissolved in CH 2 Cl 2 . The solution was filtered through a celite/ glass wool plug to remove Me 4 NClO 4 and Zn(3-Hfl) 2 (yellow precipitate). The filtrate was collected and left open to air at room temperature for 24 h, which produced crystals suitable for single-crystal X-ray diffraction (yield 21%). 1 
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . The H atoms were assigned isotropic displacement coefficients [U iso (H) = 1.2U eq (C)] and their positions were allowed to ride on their respective C atoms. The perchlorate anion is highly disordered and attempts at modeling the disorder over more than two sites were unsuccessful. Two positions (occupation ratio $0.82:0.18) were defined for all atoms of this anion. The modeling of the perchlorate anion required the use of bondsimilarity restraints (SADI) and displacement-ellipsoid constraints (EADP), as implemented in SHELXL2014 (Sheldrick, 2015) .
Illumination of (1) with visible light -product identification
An acetonitrile solution of (1) (1.2 mM) was illuminated with 419 nm light for 24 h under aerobic conditions using a Luzchem photoreactor. The solution was brought to dryness under reduced pressure. The remaining solid was analysed by 
Results and discussion
3.1. Synthesis and structure of (1)
The synthesis of (1) was achieved via the admixture of equimolar amounts of 2,2 0 -bipyridine (bpy), Zn(ClO 4 ) 2 Á6H 2 O, and Me 4 N[3-Hfl] (3-Hfl is 3-hydroxyflavonolate) (Scheme 2). The synthesis is complicated by the formation of Zn(3-Hfl) 2 , a highly insoluble yellow powder (Grubel et al., 2010) . Filtration to remove this by-product and crystallization from CH 2 Cl 2 gave an average isolated yield for (1) 
Figure 1
The atom-numbering scheme of (1) (50% probability displacement ellipsoids). H atoms have been omitted for clarity. The O atoms of the perchlorate anions are disordered over two positions (occupation ratio $0.82:0.18). Only one orientation is shown for clarity. [Symmetry code: (i) Àx + 1, Ày + 1, Àz + 1.] Table 2 Selected geometric parameters (Å , ). (6) characterization of (1) was performed using single-crystal X-ray crystallography, 1 H NMR, FT-IR, UV-Vis, fluorescence, and conductivity measurements. The asymmetric unit of (1) contains one Zn II ion bonded to the N-atom donors of a 2,2 0 -bipyridine ligand and the ketone and deprotonated hydroxy O atoms of the flavonolate ligand in a distorted planar arrangement. An O atom of a perchlorate anion occupies one axial position. These combined structural features are similar to those found in [(bpy)Cu(3-Hfl)]ClO 4 (Lippai et al., 1997) . The differentiating feature of (1) is that the deprotonated hydroxy O1 atom bridges to an inversionrelated Zn II center at (Àx + 1, Ày + 1, Àz + 1) to create a dimer containing a planar Zn 2 O 2 four-membered ring (see The molecular packing of (1), viewed along [110] . H atoms have been ommited for clarity.
Figure 3
Offset stacking between molecular units within a column, viewed along [127] . Displacement ellipsoids drawn at the 50% probability level. H atoms have been omitted for clarity. Scheme 2). The dinuclear structure, including the weakly coordinated perchlorate anions and the atom numbering, is shown in Fig. 1 . Selected bond lengths and angles are given in Table 2 . Within each dinuclear unit, offset-stacked aromatic interactions, with centroid-centroid distances of 3.4378 (12) (Cg1Á Á ÁCg3 i ), 3.5856 (14) (Cg2Á Á ÁCg5 i ), and 4.1065 (14) (Cg3Á Á ÁCg4 i ) Å (Table 3) (Hunter & Sanders, 1990) , are found between arene rings of the flavonolate ligand and the pyridine rings of the 2,2 0 -bipyridine ligand on the other Zn II center. The Zn-O distances involving the flavonol keto and deprotonated O atoms are similar [Zn1-O1 = 2.0448 (14) Å and Zn1-O2 = 2.0315 (16) Å ], as are the Zn-N distances involving the bipyridine ligand [Zn1-N1 = 2.0595 (18) Å and Zn1-N2 = 2.0765 (18) Å ]. The interaction involving the perchlorate anion is longer [Zn1Á Á ÁO5 = 2.664 (4) Å ], but within the sum of the van der Waals radii of the atoms (2.79 Å ; Bondi, 1964) . The dinuclear cations form a one-dimensional chain in the solid state comprised of offset stacking-type interactions involving the bipyridyl ligands (Figs. 2 and 3) (Janiak, 2000) . These interactions are characterized by a bipyridyl centroid-centroid distance of 3.8258 (13) Å (Cg2Á Á ÁCg3 ii ) ( Table 3) .
Complex (1) has some structural similarity in terms of the dinuclear metal core with complexes containing bridging maltolate-type ligands (Amatori et al., 2014; Benelli et al., 2013) . A few examples of zinc complexes with bridging maltolate ligands have been reported (Petrus & Sobota, 2012a,b; Petrus et al., 2013) . Bridging 3-hydroxyflavonolate ligation akin to that identified in (1) Table 3 Parameters of selected offset-stacked interactions involving the aromatic rings of (1).
Cg1 is the centroid of the O3/C8/C3-C1/C9 ring, Cg2 that of the N1/C16-C20 ring, Cg2 that of the N2/C21-C25 ring, Cg3 that of the C3-C8 ring, and Cg5 that of the C10-C15 ring. CgI_Perp is the perpendicular distance of CgI on ring J, CgJ_Perp is the perpendicular distance of CgJ on ring I and Slippage is the distance between CgI and the perpendicular projection of CgJ on ring I. (12) 12.40 (1) 3.3692 (9) À3.3317 (9) 0.848 Cg2 Cg5 i 3.5856 (14) 8.09 (12) 3.3794 (10) 3.5040 (11) 0.760 Cg3 Cg4 i 4.1065 (14) 10.49 (12) 3.3678 (9) À3.6709 (11) 1.841 Cg2 Cg3 ii 3.8258 (13) 8.84 (11) 3.5192 (10) À3.3228 (9) 1.896
CgI CgJ
Symmetry codes: (i) Àx þ 1; Ày þ 1; Àz þ 1; (ii) Àx þ 2; Ày þ 1; Àz þ 1.
Figure 5
1 H NMR features of (1) (in CD 3 CN) (a) before and (b) after exposure to visible light.
Figure 6
ESI-MS (CH 3 CN) spectrum of the product mixture generated upon exposure of (1) previously on the basis of flavonolate-ligand-exchange reactivity between metal centers (Grubel et al., 2010) .
Solution properties and visible-light-induced CO release reactivity
The 1 H NMR features of (1) in d 6 -DMSO are consistent with the presence of a 1:1 ratio of bpy and 3-hydroxyflavonolate ligands (Fig. 4a) . Assignment of the 1 H resonances was achieved via HMQC. When dissolved in acetonitrile, complex (1) exhibits conductivity properties consistent with dissociation of the dinuclear structure into a 1:1 electrolyte (Fig. 4b) . Specifically, the slope of the Onsager plot for (1) matches that of the 1:1 standard Me 4 NClO 4 and is clearly distinct from the 1:2 electrolyte [(6-Ph 2 TPA)Ni(L) 2 ](ClO 4 ) 2 (L = CH 3 CN) (Szajna et al., 2004) . The observed absorption and emission properties of (1) (Fig. 4c ) are similar to those found for other mononuclear zinc-3-hydroxyflavonolate complexes (Anderson et al., 2014) When illuminated with visible light ( = 419 nm) under aerobic conditions, complex (1) undergoes quantitative visible-light-induced quantitative CO release [0.96 (4) equivalents]. This reaction occurs with a quantum yield of 0.004 (1), which is similar to that found for [(TPA)Zn(3-Hfl)]ClO 4 [0.006 (3); Anderson et al., 2014] . The zinccontaining product generated was characterized by 1 H NMR (Fig. 5 ), ESI-MS (Fig. 6) , and FT-IR. The ESI-MS shows a molecular ion at m/z 617.1179, which is consistent with a formulation of [(bpy) 2 Zn(O-benzoylsalicylate)] + , (2) (Scheme 2), and dixoygenase-type CO release reactivity. The observation of this ion demonstrates the propensity for ligand exchange in this labile complex. The solid-state IR spectrum of (2) contains a C O vibration at $1725 cm À1 , consistent with the presence of the ester carbonyl group of the O-benzoylsalicylate ligand. 
Computing details
Data collection: COLLECT (Hooft, 1998) ; cell refinement: DENZO-SMN (Otwinowski & Minor, 1997) and SIR97 (Altomare et al., 1999) ; data reduction: DENZO-SMN (Otwinowski & Minor, 1997) ; program(s) used to solve structure:
SIR2004 (Burla et al., 2007) ; program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015) ; molecular graphics:
OLEX2 (Dolomanov et al., 2009) and ORTEP-3 for Windows (Farrugia, 2012) ; software used to prepare material for publication: OLEX2 (Dolomanov et al., 2009) .
Bis(µ-4-oxo-2-phenyl-4H-chromen-3-olato)-κ 3 O 3 :O 3 ,O 4 ;κ 3 O 3 ,O 4 :O 3 -bis[(2,2′-bipyridine-κ 2 N,N′)zinc(II)]
bis(perchlorate)
Crystal data where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max = 0.001 Δρ max = 1.06 e Å −3 Δρ min = −0.51 e Å −3
Special details
Experimental. The program Denzo-SMN (Otwinowski & Minor, 1997 ) uses a scaling algorithm (Fox & Holmes, 1966) which effectively corrects for absorption effects. High redundancy data were used in the scaling program hence the 'multi-scan′ code word was used. No transmission coefficients are available from the program (only scale factors for each frame). The scale factors in the experimental table are calculated from the 'size′ command in the SHELXL-97 input file. Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) (7) 0.0154 (7) 0.0250 (7) −0.0041 (6) 0.0088 (6) 0.0008 (6) O2 0.0371 (9) 0.0208 (8) 0.0307 (8) −0.0088 (7) 0.0166 (7) −0.0038 (6) O3 0.0450 (10) 0.0189 (8) 0.0281 (8) −0.0085 (7) 0.0135 (7) 0.0042 (6) N1 0.0225 (9) 0.0212 (9) 0.0277 (9) 0.0006 (7) 0.0083 (7) −0.0030 (7) N2 0.0215 (9) 0.0224 (9) 0.0217 (8) −0.0049 (7) 0.0066 (7) 0.0011 (7) (11) 0.0012 (9) 0.0089 (9) 0.0062 (9) C20 0.0198 (10) 0.0195 (10) 0.0227 (10) 0.0022 (8) 0.0055 (8) 0.0029 (8) C21 0.0195 (10) 0.0225 (11) 0.0208 (9) −0.0015 (8) 0.0051 (8) 0.0040 (8) C22 0.0266 (11) 0.0310 (13) 0.0285 (11) −0.0095 (10) 0.0071 (9) 0.0000 (10) C23 0.0347 (13) 0.0357 (14) 0.0341 (13) −0.0144 (11) 0.0055 (10) −0.0108 (11) C24 0.0354 (13) 0.0420 (15) 0.0259 (11) −0.0061 (11) 0.0077 (10) −0.0100 (10) C25 0.0283 (11) 0.0354 (13) 0.0239 (10) −0.0051 (10) 0.0096 (9) −0.0005 (9) Cl1A 0.0377 (5) 0.0353 (5) 
